For the last 15 years, there has been an increasing interest in artificial vesicles made from amphiphilic block copolymers, often called polymersomes[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. Polymersomes have the advantage that many of their properties are tuneable, simply by modifying the polymer-building blocks[@b8][@b9]. Both the hydrophilic and the hydrophobic blocks of the constituting copolymer can be adjusted to give the required surface charge, temperature sensitivity, rigidity and permeability to the vesicle. The latter two can also be tuned by adding organic solvents that plasticize the hydrophobic part of the polymersome membrane[@b10][@b11]. Finally, polymers can easily be functionalized with (biological) molecules, making polymersomes promising candidates for medical applications such as drug delivery[@b12][@b13][@b14].

Interactions between particles such as polymersomes and cells, which are key to a range of processes such as immune regulation and cellular uptake, are strongly affected by the particle shape[@b15][@b16][@b17][@b18]. The shape of the polymersomes also affects their flow properties[@b19], as is believed to be the case for red blood cells, biconcave disc-like erythrocytes[@b20][@b21]. Therefore, it is of great importance to obtain full control over the shape of polymersomes and to understand the mechanism of their interconversion. The number of studies on polymersome shape is still rather limited[@b22]. We showed that spherical polymersomes, assembled from poly(ethylene glycol)-polystyrene (PEG-PS), deflate into cup-shaped polymersomes called stomatocytes[@b23][@b24][@b25]. Rod-shaped polymersomes have been created by using crosslinkers[@b26] or rehydration[@b27]. Bicontinuous cubic structures have been reported as well[@b28]. Another study showed polymersomes that deflate to form nested vesicles[@b29], possibly through a sequence of intermediate vesicle shapes such as prolate spheroids, discs and stomatocytes[@b30], which unfortunately were not observed. The studies above have been rather empirical in nature, despite the existence of detailed theoretical bending energy models, predicting the shape of phospholipid vesicles as a function of reduced volume and surface area difference[@b31]. Currently, clear and quantitative understanding of the shape transformation of polymersomes is missing, which hampers the construction of polymeric nanostructures with tailor-made shapes.

Here we report on a mechanistically fully understood new method to transform spherical PEG-PS polymersomes into a variety of shapes, such as prolate spheroids, discs and stomatocytes, which can be kinetically trapped at any stage of their formation. The polymersomes are initially formed by adding water to a molecularly dissolved polymer solution in a mixture of tetrahydrofuran (THF) and dioxane. Our approach for obtaining a controlled shape transformation is based on the notion that polymersomes are only in osmotic equilibrium at the exact moment they are formed. By adding extra water to bring the sample to a carefully chosen final solvent composition, the polymersome solution is pushed out of osmotic equilibrium. After this out-of-equilibrium self-assembly, a slow re-equilibration process starts, which leads to a predictable deflation of the spherical polymersomes into any desired polymersome morphology. The total amount of water in the solvent mixture is a crucial parameter, as it not only sets the osmotic pressure across the polymersome membrane, but, owing to the amorphous glassy nature of the PS block, it also (indirectly) modifies its flexibility and its permeability[@b24]. Because of the glassy nature of the PS part of the polymersome membrane combined with the fact that the PS part of the polymersome membrane is rather long (\>133 repeating units), the timescales of the shape transformations are much longer (several hours[@b25]) compared with those observed in lipid vesicles or in polymersomes assembled from polymers with a glass transition temperature much lower than that of PS, which usually is in the order of seconds to minutes[@b29][@b32]. This makes it possible to probe the whole shape change process carefully in time.

The long timescale also allows us to kinetically trap the observed morphologies, including the intermediates, by quickly adding an excess of water or by a fast decrease in temperature. All the resulting shapes could be extensively characterized by *ex situ* electron microscopy, providing a quantitative mathematical description of the nanocapsules in terms of the reduced volume and surface area difference. An asymmetric deflation--inflation trajectory has only now been observed experimentally, in full accordance with the predictions of the Seifert model on liposomes[@b31]. Our quantitative understanding of the shape transformation within our new equilibration method paves the way for moulding polymersome nanocontainers or scaffolds in the most efficient shape, which is highly desirable for biomedical applications.

Results
=======

Sample preparation
------------------

The polymersome samples were prepared as demonstrated in [Fig. 1](#f1){ref-type="fig"}. All samples were made by first dissolving 10 mg of PEG~*n*~-PS~*m*~ (see Materials for more details) in THF:dioxane 3:2 (v/v) ranging from 1 to 3 ml ([Fig. 1b](#f1){ref-type="fig"}). Then water was slowly added (for up to 3 h using a syringe pump) until the total volume of the mixture was 4 ml. Self-assembly of the PEG-PS into polymersomes occurred when the ratio of water:organic solvent approached 1:4 (v/v) ([Fig. 1c](#f1){ref-type="fig"}). At the time of the self-assembly, the solvent composition in the polymersome\'s interior and exterior is equal. The water that is added after the polymersome formation changes the solvent composition of the surroundings, while the polymersome interior, due to the low permeability, is assumed to remain relatively unchanged. The addition of water brings the self-assembled system out of equilibrium as an osmotic pressure over the membrane is induced ([Fig. 1d](#f1){ref-type="fig"}). The extent of osmotic pressure depends on the amount of organic solvent that is used and the amount of water that is added. The addition of extra water will also make the polymersome membrane more rigid and even less permeable to water[@b24]. In this manner, three different samples were prepared ([Fig. 1e](#f1){ref-type="fig"}), varying from a sample almost in equilibrium (sample 1, 25% H~2~O) via an intermediate sample (sample 2, 50% H~2~O) to a sample far from equilibrium (sample 3, 75% H~2~O). See also Methods and [Supplementary Table 1](#S1){ref-type="supplementary-material"} for more details.

Equilibration
-------------

Equilibration started immediately after sample preparation ([Fig. 1](#f1){ref-type="fig"}). Each sample was studied at several points in time (days) using (cryogenic) transmission and scanning electron microscopy (TEM, cryo-TEM and SEM, see [Supplementary Figs 1--3](#S1){ref-type="supplementary-material"}). [Figure 2a--i](#f2){ref-type="fig"} gives an overview of those images that give the best representation of the morphology. The left arrow indicates the difference in solvent composition between the polymersome\'s interior and exterior, that is, how far the system deviates from osmotic equilibrium. The right arrow indicates the relative change in permeability to water while the horizontal arrow indicates the direction of time. Samples were left to stand at room temperature (21 °C) to equilibrate over time. For all three samples, three key moments that coincide with morphological changes are shown. The polymersomes of sample 1 were spherical after self-assembly and remained spherical up to 14 days ([Fig. 2a--c](#f2){ref-type="fig"}). At intermediate days the shapes were also found to be spherical ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). The polymersomes of sample 2 were spherical immediately after self-assembly but started changing into prolates (spheroids and rods) after the first day, with most prolates observed at day 4 ([Fig. 2d--f](#f2){ref-type="fig"} and [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). However, from day 8 onwards all polymersomes were observed to have a spherical morphology again.

The polymersomes of sample 3 were spherical after self-assembly and remained spherical up until 2 days ([Fig. 2g--i](#f2){ref-type="fig"}). After 3 days about one-third of the polymersomes had changed into discs. The same amount of discs was observed after 49 days, indicating that discs are kinetically trapped under these conditions. Magnetic birefringence (MB) measurements on sample 3 were in full agreement with these electron microscopy (EM) results ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). MB measures the difference in refractive index of light polarized parallel and perpendicular to a magnetic field (optical anisotropy), which is induced by magnetic alignment of structures that exhibit (dia)magnetic anisotropy[@b25][@b33]. When comparing structures composed of identical building blocks the MB signal is a measure of the anisotropy of the overall shape. Indeed, the MB signal increased 10-fold from the background level after 3 days, which is in accordance with the observed transition of roughly one-third of the spheres into discs.

The different shape changes of the three samples can be explained in terms of osmotic pressure and membrane permeability. Since sample 1 is close to equilibrium immediately after the self-assembly, and also the most permeable to water, the small difference in solvent composition is easily alleviated by a simultaneous outflow of organic solvent and inflow of water ([Fig. 2j](#f2){ref-type="fig"}). The result is that the polymersomes will not deflate and therefore retain their spherical morphology. Sample 2 is more out of equilibrium than sample 1 but also less permeable to water. Therefore, after sample preparation the organic solvent flows out faster than water can flow in ([Fig. 2k](#f2){ref-type="fig"}). This leads first to a net decrease of the inner volume and the polymersomes adopt a prolate morphology (rods), lowering the osmotic pressure at the expense of bending energy. To relieve this bending energy, the polymersomes inflate again into spheres at a speed that is limited by the inflow of water.

The polymersomes in sample 3 are the most out of equilibrium and impermeable to water. Therefore, osmotic equilibrium can only be obtained by outflow of organic solvent. Since water cannot flow back in, the polymersomes do not reinflate to spheres but retain their disc-like morphology ([Fig. 2l](#f2){ref-type="fig"}). Because the polymersomes in sample 3 are more out of equilibrium than those in sample 2, they will deflate more, which is the reason for the different shapes, as will be explained later. Sample 3 is not observed to go back to spheres since the permeability to water at room temperature is negligible. Also, the membrane flexibility of the polymersomes of sample 3 is low since they contain the smallest amount of organic solvent to plasticize the membrane, making the timescales in which shape changes occur very large. We suspect that this relatively high rigidity is also the cause for two-thirds of the polymersomes not to undergo the shape transformation at room temperature at all.

To investigate the shape transformation of sample 3 at higher flexibility and permeability to water, the MB was also measured at higher temperatures; 35, 40 and 50 °C, respectively ([Fig. 3a--g](#f3){ref-type="fig"}, [Supplementary Discussions](#S1){ref-type="supplementary-material"} and [Supplementary Figs 5 and 6](#S1){ref-type="supplementary-material"}). At these temperatures, the MB was observed to initially increase steeply followed by a decrease to a small, finite value. The measurements also showed that at higher temperature the changes in birefringence occurred faster and the peak value of the MB was higher. For all three measurements the shape of the polymersomes was determined by TEM, or cryo-TEM, and SEM at the beginning (I), top (II) and after the peak (III) ([Fig. 3a](#f3){ref-type="fig"}). The shapes at these three key points were identical for all three temperatures and a representative overview for the 40 °C measurement is given in [Fig. 3b--g](#f3){ref-type="fig"}. At the beginning of the experiment polymersomes had, as expected, a spherical morphology ([Fig. 3b,c](#f3){ref-type="fig"}) and changed into discs at maximal birefringence ([Fig. 3d,e](#f3){ref-type="fig"}). At the end of the experiment, the discs transformed into stomatocytes ([Fig. 3f,g](#f3){ref-type="fig"}). There is full agreement between the EM pictures and the MB measurements. The transition from spheres to discs leads to a large increase in the MB since the polymersomes become highly anisotropic. The change from discs to stomatocytes leads to a decrease in birefringence since stomatocytes resemble more closely a sphere and are therefore much less anisotropic than discs. Interestingly, the disc morphology is maintained when quickly lowering the temperature right before the magnetic birefringence reaches a maximum, as is shown in [Fig. 3h](#f3){ref-type="fig"}.

The temperature treatments on sample 3 demonstrate three effects. First of all, the increase in temperature leads to a much faster transition from spheres to discs. Second, the maximum birefringence at elevated temperature is about three times as high as the birefringence obtained by equilibration at room temperature ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). As the shapes are identical, this indicates that at elevated temperatures the number of discs becomes close to 100%, which is confirmed by EM microscopy. Finally, at elevated temperatures a further transition from discs to stomatocytes is observed, which was not observed by equilibration at room temperature. This demonstrates that, like the prolates, the disc is an intermediate morphology in the equilibration process, but that elevated temperatures are required to allow the shape change to complete. The experiments described above demonstrate how a variety of polymersome shapes can be obtained at will, by carefully setting an osmotic pressure difference during sample preparation. With magnetic birefringence and electron microscopy, the exact structure at a given moment during the shape change process can be accurately determined. All morphologies can be kinetically trapped by adding an excess of water to vitrify the polystyrene part of the membrane. Discs and stomatocytes, owing to the low concentration of organic solvent in the PS block, can also be trapped by lowering the temperature.

To investigate the reproducibility of the process, we repeated the procedures used for sample 3, using a block copolymer with a PS length of 200 units instead of 133 (sample 4). We obtained the exact same results as with sample 3 ([Supplementary Figs 7 and 8](#S1){ref-type="supplementary-material"}), demonstrating that the procedure is reproducible, and robust against changes in the length of the PS block.

For a more quantitative description of the out-of-equilibrium shape change process, the found shapes of samples 1--3 were used to construct a phase diagram, which is presented in [Fig. 4](#f4){ref-type="fig"}. All polymersome cross-sections obtained by cryo-TEM or cryo-SEM were fitted using a parameterization based on a Fourier series ([Fig. 4a,b](#f4){ref-type="fig"}, [Supplementary Methods](#S1){ref-type="supplementary-material"}, [Supplementary Figs 9 and 10](#S1){ref-type="supplementary-material"}, and [Supplementary Table 2](#S1){ref-type="supplementary-material"}). Since all observed shapes are cylindrically symmetric ([Supplementary Methods](#S1){ref-type="supplementary-material"} and [Supplementary Figs 11--14](#S1){ref-type="supplementary-material"}), their three-dimensional shape was reconstructed by revolving the fitted cross-sections around the *z* axis ([Fig. 4b,c](#f4){ref-type="fig"}). These parameterizations were then used to calculate the reduced volume (*v*) and the reduced area difference (Δ*a*) between the outer and inner layers of the membrane ([Supplementary Fig. 15](#S1){ref-type="supplementary-material"}). These two geometrical properties determine the position of each morphology in the phase diagram as is indicated by the red and blue dots in [Fig. 4d](#f4){ref-type="fig"}. The reduced volume *v* quantifies the amount of deflation and reinflation, and changes only slowly for our polymersomes; Δ*a* is a free parameter we use to identify the different shapes. The colour scale in the background indicates the minimized bending energy as calculated by the spontaneous-curvature model with zero spontaneous curvature ([Supplementary Methods](#S1){ref-type="supplementary-material"})[@b31][@b34]. Trajectories of local minima as a function of *v* are indicated with solid lines. The lines corresponding to discs and stomatocytes end when there is no longer a local minimum, which occurs for discs below *v*=0.52 and for stomatocytes above *v*=0.66 ([Supplementary Fig. 16](#S1){ref-type="supplementary-material"})[@b31][@b34]. Sample 2 consists of prolates, and indeed, the shapes encountered in this sample are located very closely to the local minimum of prolates. Sample 3 consists of discs and stomatocytes, both of which are located close to the lines corresponding to the local minima of these two shapes. An intermediate between discs and stomatocytes (shape 6) was found at a reduced volume for which a disc is no longer a local minimum and a stomatocyte is lower in energy. This strongly suggests that local bending is the driving force for discs to fold into stomatocytes when the reduced volume has decreased below *v*=0.52 ([Supplementary Fig. 16](#S1){ref-type="supplementary-material"}). Sample 2 was observed to deflate via prolates while sample 3 was observed to deflate via discs. Assuming zero spontaneous curvature, the difference in bending energy between discs and prolates is very small, in favour of prolate morphologies. It is however likely that the difference in solvent composition of the polymersome interior and exterior leads to a negative spontaneous curvature, which is larger for sample 3 than for samples 1 and 2, and which explains the preference for deflation via either prolates or discs ([Supplementary Discussions](#S1){ref-type="supplementary-material"}).

The energy associated with osmotic pressure is up to two orders of magnitude larger than the bending energy ([Supplementary Methods](#S1){ref-type="supplementary-material"}). Therefore, osmotic pressure will quickly be relieved through an outflow of organic solvent, causing deflation, which will lower *v*. The morphology and the corresponding Δ*a* at each value of *v* is then determined by the minimum bending energy. During this deflation, the osmotic energy will decrease but the bending energy will slightly increase. After the osmotic pressure has been alleviated, the polymersomes can reinflate by a simultaneous inflow of water and organic solvent to decrease the bending energy while maintaining osmotic balance. In case of sample 2, the polymersomes are slightly permeable to water, allowing inflow of both water and organic solvent. Indeed, inflation of prolates into spheres was observed. In case of sample 3, the permeability to water is almost absent at room temperature. Therefore, the discs are not observed to reinflate back to spheres. At elevated temperatures, the discs deflate further into stomatocytes. Once stomatocytes are formed, they reinflate as stomatocytes, but only marginally. The decrease in bending energy for inflating stomatocytes is very small compared with inflating discs or rods, which might explain why stomatocytes reinflate only marginally. However, it is striking how the deflation and inflation of sample 3 occur via different routes. One explanation for this hysteresis can be found in the spontaneous curvature model itself. One of its characteristics is that shape transitions between rods and discs and between discs and stomatocytes are discontinuous[@b31][@b34][@b35][@b36][@b37], and the shapes can be trapped in local minima. Another explanation can be found in the fact that folding of a disc into a stomatocyte requires the reorganization of the individual polymers, which is accompanied by friction, which breaks down microscopic reversibility. Energetic costs associated with this reorganization can be accounted for by the release of osmotic energy during deflation. During inflation, the reorganization of the polymers might be too costly energetically, which would prevent the stomatocyte from folding back into a disc. The latter explanation is supported by the fact that elevated temperatures are required to allow sample 3 to transform all the way to stomatocytes.

In summary, we have demonstrated the manipulation of polymersomes into different shapes in a controllable manner using out-of-equilibrium self-assembly. Different shapes via different routes were observed, all by starting from the same spherical morphology. The high rigidity and small permeability of the polymersomes leads to slow kinetics, allowing to carefully monitor shape changes in time spans varying from a few hours to many days. Parameterization of the observed shapes enabled us to place all morphologies in a phase diagram and calculate their geometrical properties. The shapes obtained can be explained by a simple model based on osmotic and bending energy. The ability to vitrify the membrane by adding an excess of water makes it possible to trap all observed morphologies, including all of the intermediates. Discs can even be obtained by thermal quenching. This provides us with the possibility to prepare large batches of low-polydispersity polymersomes with well-defined and predictable shapes, such as spheres, prolates, discs and stomatocytes, at any desirable reduced volume. These differently shaped polymersomes are promising candidates for nanocontainers and scaffolds, or as building blocks for assembly of larger and more complicated architectures.

Methods
=======

Materials
---------

THF and 1,4-dioxane were purchased from Sigma-Aldrich and used as received. PEG~*n*~-PS~*m*~ was synthesized by atom-transfer radical polymerization starting from PEG-macro initiators as described previously[@b23]. For samples 1--3, PEG~44~-PS~133~ was used (molecular weight=16 kDa, polydispersity index=1.06). For sample 4, PEG~44~-PS~200~ was used instead (molecular weight=23 kDa, polydispersity index=1.05). The polymersomes were prepared by dissolving 10 mg of PEG~*n*~-PS~*m*~ in a 2:3 (v/v) mixture of dioxane and THF followed by the addition of H~2~O at a rate of 1 ml h^−1^ using a syringe pump, to a total sample volume of 4 ml. During the preparation the samples were stirred at 750 r.p.m. The final amount of H~2~O in the samples was 25% (sample 1), 50% (sample 2) and 75% (sample 3). The initial concentrations of PEG-PS before the addition of H~2~O was 3.33 mg ml^−1^ for sample1, 5 mg ml^−1^ for sample 2 and 10 mg ml^−1^ for sample 3. In this range, initially spherical polymersomes are formed[@b23][@b24][@b26]. All samples turned cloudy when the amount of H~2~O reached 20%.

The final samples were divided over HPLC vials in aliquots of 450 μl, sealed and stored at room temperature for equilibration.

Equipment
---------

MB was measured in a Varian V-3900 2T electromagnet using a standard polarization modulation technique[@b38]. A HeNe laser was used (1.5 mW, 632.8 nm) to probe the dispersion contained inside a 5 mm thick optical cell (Hellma) within a temperature-controlled environment. (Cryo-)SEM was performed on a JEOL 6,330 Cryo Field Emission Scanning Electron Microscope at an acceleration voltage of 3 kV in cryo-mode and 10 kV in dry mode. TEM was performed on a JEOL 1,010 Transmission Electron Microscope at an acceleration voltage of 60 kV. For Cryo-TEM a JEOL 2,100 cryo-Transmission Electron Microscope was used. The hydrodynamic radius was determined by Dynamic Light Scattering, performed with a Malvern Zetasizer Nano S instrument.
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![Overview of the out-of-equilibrium self-assembly approach.\
(**a**) Legend, showing the structure of the PEG-PS block copolymer building block and the colour scale for organic solvents, water and mixtures of the two. (**b**--**d**) Scheme of the self-assembly process. (**b**) Water is slowly (1 ml h^−1^) added to a solution of PEG-PS in THF/dioxane. (**c**) Self-assembly of spherical polymersomes occurs with identical internal and external solvent composition. (**d**) Continued addition of water to the exterior lowers the permeability to water of the polymer membrane and induces osmotic pressure, creating an out-of-equilibrium situation. (**e**) Three samples with different final water content, showing different equilibration behaviour over time (days). Sample 1 (25% water) remained spherical. Sample 2 (50% water) deflated into prolate shapes after which they inflated back to spheres. Sample 3 (75% water) deflated into discs after which they inflated into stomatocytes.](ncomms12606-f1){#f1}

![Polymersome morphology over time for different external solvent compositions.\
(**a**--**i**) Electron microscopy images. All scale bars are 500 nm. (**a**--**c**) Cryo-TEM images of sample 1 (25% H~2~O and 75%THF/dioxane), showing no change in morphology over time. (**d**--**f**) Cryo-TEM images of sample 2 (50%H~2~O and 50%THF/dioxane), changing from spheres to a prolate morphology after 4 days and back to spheres after 14 days. (**g**--**i**) SEM images of sample 3 (75%H~2~O and 25%THF/dioxane) changing from spheres to discs after 3 days and still remaining discs after 49 days. The left arrow indicates the direction of increasing osmotic pressure; the right arrow indicates the direction of increasing permeability to water. (**j**--**l**) Schematic explanation. (**j**) Sample 1 is near osmotic equilibrium and the most permeable to water, allowing a simultaneous exchange of water and organic solvent to alleviate the small change in osmotic pressure without changing the shape. (**k**) Sample 2 is more out of equilibrium than sample 1 and less permeable to water. Organic solvent flows out faster than water flows in, causing a small deflation to form prolates. Subsequently, the bending energy is relieved by simultaneous inflow of water and organic solvent however at a much slower rate. (**l**) Sample 3 is the most out of osmotic equilibrium and impermeable to water. Therefore, these polymersomes deflate the most to form discs, and no reinflation is possible.](ncomms12606-f2){#f2}

![Morphology changes at elevated temperatures.\
(**a**) Magnetic birefringence of sample 3 (75% H~2~O and 25% THF/dioxane) as function of time at different temperatures. At each temperature, the birefringence increases to a maximum followed by a slower decrease. The higher the temperature, the faster the changes in birefringence occur. At three characteristic points on the 40 °C trace, an aliquot of the sample was injected in water to quench the structure. Cryo-TEM (**b**), TEM (**d**,**f**) and SEM (**c**,**e**,**g**) images of the quenched samples marked in **a**. For the spheres cryo-TEM was used, as spheres tend to collapse in dry TEM. At the start of the experiment the sample consists of spheres (**b**,**c**) and the birefringence is almost zero. At maximal birefringence discs are observed (**d**,**e**). At the end of the trace the sample consists of stomatocytes (**f**,**g**). (**h**) Magnetic birefringence of sample 3 as a function of time (green line), following the temperature trajectory shown in blue. By cooling the sample right before the maximal birefringence is reached the transition from discs to stomatocytes is prevented as can be seen by the constant high birefringence and the SEM picture of the sample after 320 min (inset). All scale bars are 500 nm.](ncomms12606-f3){#f3}

![Analysis of the observed shape transitions.\
All observed cross-sections of the shapes that were captured with cryo-TEM and cryo-SEM were parameterized to calculate vesicle properties. (**a**) Cryo-TEM image of a stomatocyte found in sample 3 after heating to 35 °C. Scale bar, 250 nm. (**b**) Parameterization of the stomatocyte shown in **a**. Points on the membrane surface are indicated by the blue dots. The red line corresponds to the parameterization that fits the data best. (**c**) After parameterization of the cross-section, the three-dimensional structure is obtained by revolving the fit around the *z* axis since all observed structures are axisymmetric[@b35]. For every fitted shape, the reduced area difference and the reduced volume are calculated. (**d**) Phase diagram showing the positions of all observed shapes of sample 2 (red dots) and 3 (blue dots). The colour scale in the phase diagram indicates the minimized bending energy (*E*~bend~/*k*) for each reduced volume--reduced area difference combination. The lines drawn correspond to the calculated local minima at fixed reduced volumes for prolates (red line), discs (black line) and stomatocytes (blue line). The observed shapes are very close to the calculated local minima.](ncomms12606-f4){#f4}
